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Introduction
Antarctic Bottom Water (AABW) forms at discrete locations around the Antarctic margin. It supplies the lower limb of the global overturning circulation, ventilating the global ocean and affecting marine biogeochemical cycles (Marinov et al., 2006; Marshall & Speer, 2012; Orsi et al., 1999) . Traditionally, most AABW studies have focused on the Ross Sea and the Weddell Sea, but other areas are increasingly discussed (Ohshima et al., 2013; Rintoul, 1998) . A significant source of AABW is found off the Adélie Land coast, East Antarctica (Gordon & Tchernia, 1978; Orsi et al., 1999; Rintoul, 1998) . It fills the bottom of the Australian sector of the Southern Ocean (Aoki et al., 2005) and, together with Ross Sea Bottom Water (RSBW), constitutes the main bottom water variety exported to the eastern Indian and Pacific oceans (Fukamachi et al., 2010; Mantyla & Reid, 1995; Nakano & Suginohara, 2002) . Recent studies have documented changes in physical properties of Adélie Land Bottom Water (ALBW) linked to global climate change (Rintoul, 2018; van Wijk & Rintoul, 2014) .
Inferring the composition of water masses back in time to elucidate the Southern Ocean's role in climate change requires proxy data. One commonly utilized proxy to constrain past water mass compositions and LAMBELET ET AL.
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ocean circulation is the neodymium (Nd) isotopic composition of seawater, expressed as ε Nd (deviation of a measured 143 Nd/ 144 Nd ratio from the chondritic uniform reservoir in parts per 10,000; Jacobsen & Wasserburg, 1980) . Neodymium is a lithogenic element, and in the modern ocean, seawater acquires its Nd isotopic composition at the interface of the ocean and the solid earth (Lacan & Jeandel, 2005a , 2005b . This is particularly relevant in the case of the Southern Ocean, where bottom waters are formed in areas proximal to different continental source lithologies and ages (Orsi et al., 1999; Roy et al., 2007) . Away from continental margins, the Nd isotopic composition of seawater can trace water mass provenance and mixing .
Dissolved neodymium isotope data for Southern Ocean waters are scarce, particularly for AABW . The existing published studies contain 194 measurements for the whole Atlantic sector (Garcia-Solsona et al., 2014; Jeandel, 1993; Piepgras & Wasserburg, 1982; Stichel, Frank, Rickli, Hathorne, et al., 2012) and 183 for the Pacific sector (Basak et al., 2015; Carter et al., 2012; Molina-Kescher et al., 2014; Rickli et al., 2014) . No published data exist for the Indian Ocean sector.
We report the first results on dissolved Nd isotopic compositions and concentrations from the Australian sector of the Southern Ocean and the first data on the Nd isotope fingerprint of ALBW.
Samples and Methods
Four profiles of three to four depths were collected for dissolved Nd concentrations and isotopes on the RSV Aurora Australis during the IPY CASO-GEOTRACES SR3 cruise that took place from Hobart (Tasmania) to Antarctica along the~140°E meridian between March and April 2008 (Figures 1 and S1 and Table S1 in the supporting information). Additionally, two profiles of six depths were collected for combined dissolved radionuclide and Nd isotope work on the RV Tangaroa during the MacRidge 2, TAN 0803 voyage from Wellington (New Zealand) to the polar front (PF) along 170°E between March and April 2008 (Figures 1 and S1 and Table S1 ). Methods for dissolved Nd concentration and isotope analyses are detailed in supporting information Text S1 and followed standard procedures in the MAGIC laboratories at Imperial College London (Auro et al., 2012; Crocket et al., 2014; Lambelet et al., 2016; Struve et al., 2016; Tanaka et al., 2000) .
Results: Dissolved Nd Isotopes and Concentrations in the Context of Hydrography
The frontal structure south of Tasmania has been discussed by Rintoul (2002, 2007) . We use the criteria from Table 6 of Sokolov and Rintoul (2002) to define the locations of the major fronts at the time of the 2008 survey. The fronts of the Southern Ocean separate distinct oceanographic regimes. The Subtropical Front (STF), the boundary between subtropical and subantarctic waters, is located near 46.6°S (Figure 1 ). Although the Subantarctic Front (SAF) is often split into two or three branches near 140°E (Sokolov & Rintoul, 2002 , it formed a single broad frontal zone between 51.1°S and 52.5°S in March-April 2008. The northern limit of the SAF zone at 51.1°S and southern limit at 52.5°S coincide with the northern and southern branches of the SAF defined by Sokolov and Rintoul (2002) . The northern branch of the PF (PF-N) flows eastward across the section at 58.7°S, meanders back to the west to cross the section near 56.2°S, then turns eastward to cross the section a third time at 53.9°S. The southern branch of the PF (PF-S) crosses the section near 60.1°S. The northern branch of the southern Antarctic Circumpolar Current (ACC) front (SACCF-N) is located near 62.6°S, while the southern branch of the SACCF is found near 63.5°S. The Southern Boundary at 64.7°S marks the southern limit of ACC waters.
Based on these frontal positions, station SR3-60 (48°S) lies between the SAF and the STF, and SR3-42 (52.67°S) is on the southern flank of the SAF (Figure 1 ). SR3-7 (65.43°S) and SR3-4 (65.80°S) were both located well south of the ACC regime, over the Antarctic slope and continental shelf, respectively.
The Macquarie Ridge acts as a topographic barrier with respect to the ACC Smith et al., 2013) . Therefore, large fractions of the currents flow through gaps in the ridge, leading to different front locations for TAN samples in comparison to the SR3 transect Smith et al., 2013) . Station 41 was situated between the SAF and the STF, whereas station 125 was sampled just south of the PF ( Figure 1a ).
The prominent water masses in the area are illustrated in Figures 1b and 1c and described below from surface to bottom, including hydrographic characteristics and Nd concentration and isotope results. 
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Subantarctic Surface Water is a relatively warm (θ = 4-14°C) and fresh (S = 33.5 to 34.0) surface water situated south of the STF and north of the PF (Orsi et al., 1995) , with neutral density < 27.0 kg/m 3 . Three samples were collected in this water mass, characterized by ε Nd between À10.2 and À8.7, and [Nd] = 7.5 pmol/kg (Table S1 ).
Antarctic Surface Water features very low temperatures, reaching down to the freezing point of À1.9°C, low salinities (S = 33.5 to 34.0) due to ice melting in summer (Tomczak & Godfrey, 2005) , and neutral density < 27.0 kg/m 3 . This water mass extends with rather uniform properties from the PF to the continental margin of Antarctica, where shelf waters are found at near freezing temperatures (Orsi et al., 1995) . One sample was collected in this water mass, with ε Nd = À8.1 ± 0.3 (Table S1 ).
Antarctic Intermediate Water is formed by subduction of Antarctic Surface Water at the SAF in the southeast Pacific and southwest Atlantic Ocean, with smaller quantities at other discrete locations around the Southern Ocean (e.g., Chiswell et al., 2015; Hartin et al., 2011; Sloyan & Rintoul, 2001) . It is characterized by a salinity minimum north of the SAF (Figure 1b ) and a neutral density from 27.13 to 27.55 kg/m 3 (Rintoul & Bullister, 1999; Rintoul et al., 2001; Sokolov & Rintoul, 2002) . Three samples were collected in this water mass, featuring ε Nd between À8.3 and À7.9 and [Nd] = 9.9 and 10.4 pmol/kg (Table S1 ).
Upper Circumpolar Deep Water (UCDW) is characterized by an oxygen minimum indicative of oxygen-poor waters entering the Southern Ocean from the deep Indian and Pacific basins and is found in the density range 27.55 < γ n < 28.0 kg/m 3 . Lower Circumpolar Deep Water (LCDW) has a slightly greater density (28.0 < γ n < 28.27 kg/m 3 ) and high salinities due to influx of North Atlantic Deep Water (NADW; Orsi et al., 1995; Rintoul et al., 2001) . In the present study, UCDW was present at three stations (SR3-42, TAN-41, and TAN-125) and was characterized by θ = 2.5 ± 0.2°C, S = 34.54 ± 0.23 (2sd, n = 3), Nd isotopic compositions from À8.8 to À7.6, and [Nd] = 14.1 pmol/kg (Table S1 ). Lower Circumpolar Deep Water (CDW) was sampled at all four open ocean stations and features θ = 1.2 ± 0.9°C, S = 34.72 ± 0.03, ε Nd = À8.8 ± 1.0 (n = 10), and [Nd] = 18.1 to 32.6 pmol/kg (n = 4; Table S1 ). Both UCDW and LCDW outcrop south of the ACC (Figure 1b) , where they contribute to the formation of surface and bottom waters, respectively, providing the principal connection between the upper and lower parts of the global overturning circulation (Marshall & Speer, 2012) .
Antarctic Bottom Water (AABW), the densest water in the abyssal ocean, is formed at different locations on the shelf of the Antarctic continent, including the Weddell Sea, the Ross Sea, and the Adélie Coast (Orsi et al., 1999) . Bottom topography restricts the exchange of AABW between the Atlantic, Pacific and Indian sectors of the Southern Ocean. Therefore, the bottom water in each basin reflects the properties of the local sources (Orsi et al., 1999) . The Australian sector of the Southern Ocean is ventilated by two varieties of AABW: RSBW advected from the east, and ALBW formed along the Adélie-Wilkes Land Coast (Rintoul & Bullister, 1999; Williams et al., 2010) . Rintoul (1998) showed that the high salinity signature of RSBW was not detectable at 140°E, due to influx of ALBW between 140°E and 148°E; this statement holds for the 2008 SR-3 expedition (Table S1 ).
Adélie Land Bottom Water is cold (À0.8°C < θ < À0.4°C), fresh (34.62 < S < 34.68) and dense (γ n > 28.27 kg/m 3 ), and due to its recent exposure to the atmosphere, it has a high concentration of oxygen and chlorofluorocarbons (CFCs; Figure 1c and Table S1 ; Orsi et al., 1999; Rintoul & Bullister, 1999) . The properties of ALBW reflect mixing between dense shelf waters exported in wintertime and modified CDW (mCDW) over the continental slope. In this study, the density range of ALBW was sampled only at station SR3-7 on the Antarctic slope, and the CFC data show that it is composed of 25% shelf water and 75% mCDW. Modified CDW is a mixture involving CDW featuring the same density as the regional variety of CDW found offshore, but it is colder and found on the shelf or slope (Whitworth et al., 1998) . No Nd isotopes samples were collected from mCDW in the present study. ALBW features ε Nd = À9.5 to À8.6, and [Nd] = 23.2 to 25.5 pmol/kg (n = 3; Figure 2 and Table S1 ).
Adélie Shelf Water was sampled at station SR3-4 situated on the continental shelf and is cold (θ < À1.3°C), fresh (S < 34.48), and oxygen rich (>280 μmol/kg). This water mass represents summer shelf water. Winter cooling and salinification during sea ice formation converts it to dense shelf water, the precursor to ALBW. It is characterized by a neutral density < 28.27 kg/m 3 , a very negative Nd isotopic composition (ε Nd = À10.5 to À9.3), and Nd concentrations between 17.9 pmol/kg at the surface (6 m) to 21.0 pmol/kg close to the ocean seafloor (321 m; Figure 2a and Table S1 ). 
Discussion
Circumpolar Water Mass Signatures in the Australian Sector of the Southern Ocean
Away from the Antarctic margin, dissolved Nd concentrations are low at the surface and overall increase with depth (Figure 2a ), in agreement with previous studies from the Southern Ocean ( Figure S2b ; Basak et al., 2015; Carter et al., 2012; Garcia-Solsona et al., 2014; Molina-Kescher et al., 2014; Rickli et al., 2014; Stichel, Frank, Rickli, Hathorne, et al., 2012) . Surface concentrations (10.4 and 7.5 pmol/kg at SR3-42 and SR3-60, respectively, Table S1 and Figures 2a and S2b) are in the range of previously observed values for Subantarctic Surface Water (north of the PF; [Nd] = 5.1 to 11.8 pmol/kg). Low Nd concentrations in open Southern Ocean surface waters can be explained by the absence of significant terrigenous input and the efficiency of Nd scavenging by biogenic particles in high productivity areas north of the SAF, as suggested by . Increasing Nd concentrations with depth and neutral density (Figures 2a and 2c) are consistent with the idea that Nd is released upon opal dissolution with depth (Rickli et al., 2014; Stichel, Frank, Rickli, Hathorne, et al., 2012) . However, similar profiles are also observed in other parts of the global ocean, where lateral processes dominate (e.g., van de Flierdt et al., 2016) , and no firm conclusions can be drawn from our new low-resolution profiles regarding the control of vertical versus lateral processes in the supply of Nd to the region.
Deep and bottom water samples north of the PF were collected in the density range of UCDW and LCDW ( Figure 2 and Table S1 ). When comparing the dissolved Nd isotopic compositions for the Australian sector of the Southern Ocean with those of the Atlantic (Jeandel, 1993; Stichel, Frank, Rickli, Hathorne, et al., 2012; Garcia-Solsona et al., 2014) and Pacific (Basak et al., 2015; Carter et al., 2012; Molina-Kescher et al., 2014; Rickli et al., 2014) sectors, some conclusions can be derived ( Figure S1 and Table S2 ).
First, our data reveal a homogenous Nd isotopic composition of UCDW (ε Nd = À8.2 ± 1.2, n = 3) and LCDW (ε Nd = À8.8 ± 1.0, n = 10, Figure 3a and Table S2 ) in the Australian sector of the Southern Ocean, supporting a uniform signature throughout the Southern Ocean (UCDW: ε Nd = À8.2 ± 0.9, 2sd, n = 41; LCDW: ε Nd = À8.4 ± 1.6, 2sd, n = 117; Figure 3a and Table S2 ). This observation has been previously made for the Atlantic and Pacific sectors (Basak et al., 2015; Garcia-Solsona et al., 2014; and is confirmed by an unpaired t test revealing no significant difference in the average Nd isotopic composition of UCDW and LCDW at the 95% confidence level. The fact that Nd concentrations of LCDW are higher than those of UCDW is consistent with increasing Nd concentration with depth ( Figure 2c and Table S1 ).
Second, even if the LCDW Nd isotope signature in the Australian sector cannot be statistically distinguished from other basins, it is notable that our LCDW data show a significant range of~1.5 epsilon units, mainly due to unradiogenic values observed at 1,606-and 2,400-m water depths at station TAN-125 (ε Nd = À9.4 ± 0.3 and ε Nd = À9.7 ± 0.3, respectively; Figure 2b and Table S1 ). This station sits in close proximity to the Macquarie Ridge (Figure 1a) , a relict volcanic mid-ocean ridge spreading center (Conway et al., 2012) , characterized by basalts and peridotites featuring a highly radiogenic Nd isotope signature (ε Nd from +7 to +11; Dijkstra et al., 2009; Kamenetsky et al., 2000) . Thus, it is unsuitable as a potential source for the unradiogenic signal (i.e., low ε Nd ). Similarly, negative values at LCDW depths in other Southern Ocean locations have been interpreted to reflect the presence of remnants of NADW (Basak et al., 2015; Garcia-Solsona et al., 2014; Molina-Kescher et al., 2014) . Sarmiento et al. (2007) showed that the NADW signature curls southward from the Atlantic sector to the Australian/Pacific sectors, so that NADW may not be seen south of the SAF in the Atlantic sector, but appears again south of Australia (see Figure 3 in Sarmiento et al., 2007 and supporting information Text S2) . In the absence of any significant continental inputs to the remote location of the PF south of New Zealand, we can only speculate that the location of TAN-125 may be more susceptible to monitoring a remnant NADW signal (i.e., faster transport along the PF and hence less dilution). Higher-resolution seawater profiles are needed to unravel the origin of the unradiogenic Nd isotope fingerprint in LCDW.
The Nd Isotopic Composition of ALBW and Its Precursor Waters
Neodymium concentrations for samples close to the Antarctic shelf are generally higher than the concentrations measured at open ocean stations (Figures 2a and S2b, Table S1 ). This is consistent with studies in the Atlantic and Pacific sectors of the Southern Ocean and corroborates that the Antarctic shelf can act as a source of Nd (Carter et al., 2012; Rickli et al., 2014; Stichel, Frank, Rickli, Hathorne, et al., 2012) . Surface seawater at station SR3-4 is the least radiogenic measured so far in the Southern Ocean south of the PF (ε Nd = À10.5 ± 0.3, Figure S2a and Table S1 ). Samples from 180-and 321-m depth at this station feature values lower than those typically observed for circumpolar waters (ε Nd = À9.3 ± 0.3 and À 9.9 ± 0.3, Figure 3b and Table S1 ). Surface sediments collected on the Adélie Land Shelf feature unradiogenic detrital Nd isotope values (Figure 3b ; Roy et al., 2007; van de Flierdt et al., 2007) , with the nearest sediment sample showing ε Nd ≈ À20 (65. 55°S, 141.10°E, van de Flierdt et al., 2007) . This suggests that the unradiogenic continental signature typical for the Adélie Land coast influences the Nd characteristics measured in seawater samples in the area. As all results reported here are obtained on samples collected during austral summer, they are too fresh to be classified as bottom waters. These shelf waters are, nonetheless, the precursor waters for ALBW as they get denser through brine rejection during sea ice formation in winter and form ALBW (Rintoul, 1998) .
The only samples collected in the density range of bottom waters (γ n > 28.28 kg/m 3 ) were found at station SR3-7 on the Antarctic slope (Table S1 and Figures 1, 2c, 2d , 3b, S2c, and S2d), a location where the bottom water encountered is predominantly ALBW (Rintoul, 1998) . The Nd isotope signature of the bottom waters is more radiogenic than the shelf waters (ε Nd = À8.9 ± 1.0, 2sd, n = 3 and ε Nd = À9.9 ± 1.1, 2sd, n = 3, respectively; Tables S1 and S2 and Figure 3b ), but within the range of values reported for authigenic ferromanganese nodules from below 4,000 m in the Indian sector of the Southern Ocean (van de Flierdt et al., 2006) .
The CFC data reveal that ALBW is composed of 25% shelf water and 75% mCDW. Using the known shelf water and ALBW Nd characteristics, the calculated Nd isotopic composition of mCDW in the area is À8.2 to À8.4 (supporting information Text S3; Mariotti et al., 1988) . As these values are within error the same as LCDW (Table S2) , we infer that mCDW and LCDW are similar from an isotopic point of view in the Australian sector of the Southern Ocean, even if they have different hydrographic properties. Hence, we can exclude boundary exchange as a significant process influencing these mid-depth samples in the studied area.
Our average value for ALBW (ε Nd = À8.9 ± 1.0; n = 3) is similar to that of Weddell Sea Bottom Water, and both water masses are significantly less radiogenic than RSBW (ε Nd ≈ À7.4; Table S2 and Figure 3b ). Previous studies have shown that the Nd isotopic composition of RSBW is influenced by the radiogenic fingerprint of West Antarctic lithologies (ε Nd = À6 to +2, Figure 3b ; Basak et al., 2015; Carter et al., 2012; Rickli et al., 2014; Roy et al., 2007; van de Flierdt et al., 2006) . Similarly, newly formed Weddell Sea Bottom Water in the eastern Atlantic sector of the Southern Ocean has been shown to be influenced by inputs of unradiogenic (low ε Nd ) material from Dronning Maud Land (Garcia-Solsona et al., 2014) , comprising areas of very old continental crust, similar to the Adélie Land craton (Figures 3b and S2c; Pierce et al., 2014) .
We would like to note, however, that the present data set is limited (n = 3) and represents summer bottom water only. We hypothesize that two factors contribute to the unradiogenic signature of ALBW: the input of unradiogenic shelf waters and exchange with unradiogenic sediments as dense waters descend the continental slope, as observed in other areas around the world (Lacan & Jeandel, 2005b) . Support for this hypothesis comes from considering the evolution of dissolved Nd isotope data with depth at station SR3-7, where there is a shift from ε Nd = À8.8 at 2,040 m to ε Nd = À9.5 near the seafloor at 2,090-m depth ( Figure 2b and Table S1 ). This shift is not observed in Nd concentrations (Nd = 23.2 and 24.3 pmol/kg, respectively, Figure 2a ), even though the deepest sample is located just 1 m above the seafloor. A shift of ALBW values from À8.8 to À9.5 would require a local sediment Nd isotopic composition of ε Nd ≈ À25 (supporting information Text S4), which is within the range of sediments from the Adélie Craton (Pierce et al., 2014) . We therefore suggest that the densest waters formed in wintertime may become even less radiogenic while cascading down the Antarctica slope margin, providing a characteristic Nd isotope fingerprint to ALBW. Sampling during wintertime, when active bottom water formation happens, would be needed to confirm this hypothesis.
Conclusions
Dissolved Nd isotopes and concentrations were measured at six stations in the Australian sector of the Southern Ocean. Based on its CFC content, summertime ALBW along the continental slope is composed of a mixture of shelf water (25%) and mCDW (75%). Its Nd isotopic composition of ε Nd = À8.9 ± 1.0 (2sd, n = 3) is lower than that of RSBW and similar to Weddell Sea Bottom Water. The shelf waters that contribute to ALBW are distinctly unradiogenic (ε Nd = À9.9 ± 1.1, 2sd, n = 3), supporting the hypothesis that the isotopic signature of bottom waters reflects the characteristics of the local geology in the source region. In contrast, the composition of CDW is rather uniform throughout the Southern Ocean (UCDW: ε Nd = À8.2 ± 0.9, 2sd, n = 41; LCDW: ε Nd = À8.4 ± 1.6, 2sd, n = 117). Wintertime data capturing active formation and export of ALBW (and other varieties of AABW), as well as higher-resolution sampling along Southern Ocean transects for trace metals and isotopes, should be the target of future efforts to fingerprint bottom waters and thereby elucidate their role in the overturning circulation, now and in the past.
